J Wood Sci (2004) 50:400M06 
DOI 10.1007/sl0086-003-0584-0 


© The Japan Wood Research Society 2004 


ORIGINAL ARTICLE 


Ashraf M.A. Abdalla • Noboru Sekino 

Veneer strand flanged I-beam with MDF or particleboard as web material II: 
effect of resin type, application rate, strand dimension, and pressing time 
on the basic properties 


Received: April 21, 2003 / Accepted: September 17, 2003 

Abstract Optimization of the manufacturing conditions of 
the veneer strand flanged I-beam invented in the previous 
study was investigated using different combinations of 
strand dimensions, resin types between web and flange, 
different pressing times, and different wood-resin moisture 
contents under conventional hot pressing conditions. The 
main results revealed that the strand dimensions have no 
effect on the bending properties of the flange part and the 
dimensional stability of the I-beam. Increasing the resin 
application rate between strands was found to improve the 
dimensional stability of the I-beams. The use of isocyanate 
(MDI) resin between web and flange significantly improved 
the bond strength between web and flange, the modulus of 
rupture of the I-beam, and the modulus of rupture of the 
flange part. Dimensional stability was also improved. Short¬ 
ening the pressing time from 20 to 12 min was found to be 
feasible. Using low wood-resin moisture content was found 
to interfere with the curing of the phenol-formaldehyde 
(PF) resin at the flange part resulting in poor quality beams. 
Of the three moisture content levels tested, 12% was found 
to be the optimal level for producing I-beams with balanced 
mechanical properties and dimensional stability. 
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Introduction 

Resin adhesives are a vital part of glued wood composites, 
varying from a relatively small portion up to 32% of the 
total manufacturing cost of the item being glued and mar¬ 
keted in USA. 1 High-cost resin adhesive must be used at 
reasonable application rates catering for both the excellent 
properties of the product and the economical feasibility. 
When considering lower application rates, consideration of 
superior performance and quality of the composite must be 
maintained. 

In the first part of this study, a new method for fabricat¬ 
ing veneer strand flanged I-beams was developed and the 
technical feasibility of this method to produce such a type of 
I-beam was confirmed. Based on the results of the earlier 
study (part I), 2 increasing the resin application rate between 
strands and replacing phenol-formaldehyde (PF) resin be¬ 
tween web and flange with isocyanate (MDI) are the main 
recommendations to be considered in this part of the study. 
In addition, reducing the moisture content (MC) of the 
wood-resin system is thought to somehow help in the curing 
of PF resin, allowing the possibility of shortening the press¬ 
ing time. Using MDI resin between web and flange may not 
only help to improve the bond strength between web and 
flange but also overcome the problem of delamination of 
the I-beam panel from the metallic mold. 

Density profile or density distribution through the press¬ 
ing direction of the wood composite panel has been de¬ 
scribed as a vital characteristic, which correlates with the 
strength and physical properties of the composite panel. 3-6 
The resulting shape of the density profile after pressing is 
affected by three main factors: furnish moisture content, 
mat structure, and the pressing environment. 7 The differ¬ 
ence in the geometry between strands and other wood par¬ 
ticles may affect the density profile of the I-beam. Measuring 
the density profile for the flange part of the I-beam will help 
in the interpretation and explanation of the observed results 
for the bond strength between web and flange. 

The objectives of this part of the study were: (1) to 
evaluate the effect of increasing the resin application rate 
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between strands on the mechanical properties and dimen¬ 
sional stability of the I-beam, (2) to study the effect of using 
different resin types between web and flange on the basic 
properties of the I-beam, (3) to examine the possibility of 
producing such I-beams using a short pressing time, and (4) 
finding the optimum wood-resin system moisture content 
that gives I-beams with acceptable properties after conven¬ 
tional hot pressing. 


Materials and methods 

Raw material 

Japanese red pine (Pinas densiflora Seib. et. Zucc) veneer 
strands 4mm wide and 470mm long with thicknesses of 3, 4, 
and 5 mm, and density of 0.52 g/cm 3 were used as flange raw 
material with a moisture content of 10%. Melamine-urea 
formaldehyde-bonded medium-density fiberboard (MDF) 
(450 X 470 X 9 mm) with density of 0.73 g/cm 3 and PF- 
bonded particleboard (having the same dimensions as the 
MDF) and density of 0.82g/cm 3 were used as web materials. 
PF resin (D-100) with solid content of 43% and polymeric 
isocyanate (PB 1605) formulated by Oshika were used as 
binders. 

I-beam panel fabrication 

The experimental approach consisted of three experiments, 
using the same forming and pressing method described in 
part I of this study. 2 In the first experiment, ten I-beam 
panels with target flange densities of 0.7 g/cm 3 and moisture 
contents of 17% were each fabricated conventionally 
(200°C and 20min pressing time) using the combinations 
shown in Table 1. In the second experiment, five I-beam 
panels were fabricated using five levels of pressing time 
ranging from 12 to 20 min and the following fixed condi¬ 
tions: wood-resin system moisture content of 12%, PF resin 
between strands at an application rate of 40g/m 2 (8.5% 
resin solid weight relative to wood strand oven-dry weight), 


and MDI resin between web and flange at an application 
rate of 25 g/m 2 . In the third experiment, I-beam panels were 
each fabricated using 12 min of pressing time at wood resin 
system moisture contents of 8%, 10%, and 12% with a PF 
resin application rate of 40 g/m 2 between strands and 25 g/m 2 
MDI resin between web and flange. 


Evaluation of the I-beam properties 

All beams were fully conditioned at 20°C and 60% relative 
humidity (RH) for 1 week. Five beams from each condition 
were tested for bending properties including the modulus of 
rupture (MOR) and modulus of elasticity (MOE) using a 
four-point bending test method (edge-wise). The following 
testing conditions were used: (1) total span of 900mm, (2) 
inner span of 300mm, (3) crosshead speed of 5 mm/min, and 
(4) the bending properties were calculated using the I-shape 
moment of inertia. The total span was obtained by using 
metallic extension bars, which, from a pilot study, were 
found to be insignificantly different from using lull-span 
wooden beams. After discarding the edge parts of the beam, 
many 40 mm long block specimens were prepared. From 
each condition, ten randomly selected specimens (having 
the same shape and dimensions as those used in part I) 2 
were prepared to assess the bond strength between web and 
flange using the block shear test. The dimensional stability, 
regarding the thickness and width swelling, was evaluated 
by a 24-h water immersion test at 20°C. Ten randomly se¬ 
lected specimens from the abovedescribed lot for each con¬ 
dition were used. To assess the bending properties of the 
flange part, specimens that were 9 X 14 X 220 mm (thick¬ 
ness X width X length) were prepared from the flange part 
(see Fig. 1) and tested using a three-point bending test 
method edge-wise at a clear span of 200 mm. The density 
profile along the width direction of the flange was evaluated 
by an X-ray radiography scanning machine using six ran¬ 
domly selected replicates having approximate dimensions 
of 50 X 50 X 14 mm. The samples consisted of five rectangu¬ 
lar blocks prepared from saw-delaminated flange of 10 X 
14 mm cross section. 


Table 1 . Combinations of strand dimensions, resin type, application rate, and web material 


Strand Dimensions (mm)“ Application rate and resin type Web material 


type 


Between strands (g/m 2 ) 

Between web and flange (g/m 2 ) 


Phenol 

Phenol 

Isocyanate (MDI) 

A 

3 X 4 X 470 

20 (4.3 %) b 

50 

_ 

_ 

PB 



40 (8.5%) 

50 

- 

- 

PB 

B 

4 X 4 X 470 

20 (4.3%) 

50 

- 

- 

PB 



40 (8.5%) 

50 

25 

50 

PB 



20 (4.3%) 

- 

25 

50 

MDF 

C 

5 X 4 X 470 

20 (4.3%) 

50 

- 

- 

PB 



40 (8.5%) 

50 

- 

- 

PB 


PB, particleboard; MDF. medium density fiberboard 
“Thickness X width X length 

b Resin content expressed as percentage of resin solid weight to wood oven-dry weight 
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Results and discussion 

PF-bonded I-beam means I-beam with flange bonded to 
web by PF resin, while MDI bonded I-beam implies the 
flange bonded to the web by MDI resin. 


Effect of strand dimension, resin type, and application 
rate on I-beam basic properties 


Bond quality 

The results of the tests for bond strength between web and 
flange of the PF bonded I-beam are listed in Table 2. The 
results indicated that no significant differences were found 
between strand dimensions and/or the resin application rate 
between strands. The values were lower than those re¬ 
ported in part I (33-4.9 MPa) 2 due to insufficient cure of the 
PF resin. Normal curing requires 120°-140°C 8 ' 9 and a tem¬ 
perature of only 100°C was recorded during the manufac¬ 
turing process. 

Figure 2 presents the results of the tests for bond 
strength between web and flange for PF and MDI bonded 
I-beam. Highly significant improvement was found when 
MDI resin was used, even at low application rates. This 
improvement can be explained by the fact that the tempera¬ 
ture between web and flange was sufficient to cure the MDI 
resin. This result indicated that low MDI resin application 



Fig. 1. I-beam shape and position from which the flange bending 
samples were taken 


rate is sufficient to produce excellent bond strength, be¬ 
cause doubling the application rate resulted in an increase 
in the bond strength of approximately 20%. Also, the re¬ 
sults showed an interesting feature that, in the perpendicu¬ 
lar direction, the bond strength values were two thirds of 
the parallel values, which is higher than that of wood itself 
(approximately one third). 1011 

Bending properties of the I-beams 

The results of the statistical analysis (SAS) 12 of the MOE 
and MOR for PF bonded I-beams are listed in Table 2. 
Regarding the MOE, no significant differences were found 
between either the strand dimension and/or the resin appli¬ 
cation rate between strands. Although the resin application 
rate was doubled, the MOR value did not improve. This was 
mainly due to insufficient bonding between strands as well 
as between web and flange because the PF resin did not 
sufficiently cure as a result of insufficient temperature. 
Thus, all beams showed delamination between web and 
flange in fracture. 

Figure 3 shows the results for the MOE and MOR of the 
MDI bonded I-beam. The MOE showed little significant 
difference from that of PF bonded I-beam. However, the 
MOR showed substantial improvement over the MOR for 
the PF bonded I-beam, even at a low application rate of 



Fig. 2. Effect of resin type and application rate on the bond strength 
between web and flange. PB, particleboard, MDF, medium density 
fiberboard; MDI , isocyanate; PF, phenol-formaldehyde 


Table 2. Effect of strand dimension and resin application rate on I-beam basic properties 


Resin application 
rate between 
strands (g/m 2 ) 

Strand type 

MOR (MPa) 

MOE (GPa) 

Bond strength (MPa) 

Width swelling 
(%) 

Thickness 
swelling (%) 




Parallel 

Perpendicular 

20 

A 

34.1 ± 0.21 

16.00 ± 0.11 

2.49 ± 0.53 

1.59 ± 0.19 

35.2 ± 6.20 

1.5 ± 0.54 


B 

34.2 ± 0.54 

16.01 ± 0.22 

2.51 ± 0.30 

1.61 ± 0.22 

31.8 ± 5.10 

1.6 ± 1.50 


C 

34.1 ± 1.80 

16.10 ± 0.21 

2.49 ± 0.32 

1.58 ± 0.13 

29.2 ± 1.80* 

1.1 ± 0.58* 

40 

A 

34.4 ± 0.71 

16.0 ± 0.19 

2.63 ± 0.39 

1.62 ± 0.11 

22.0 ± 3.03* 

0.98 ± 0.36 


B 

35.7 ± 1.90 

16.01 ± 0.18 

2.62 ± 0.61 

1.63 ± 0.13 

23.2 ± 3.80 

1.01 ± 0.29* 


C 

35.8 ± 1.20 

16.01 ± 0.22 

2.64 ± 0.63 

1.63 ± 0.11 

25.2 ± 2.60 

0.89 ± 0.36 


MOR, modulus of rupture; MOE, modulus of elasticity 
* P < 0.05 within each resin application rate 
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MDI. All MDI bonded I-beams tested showed horizontal 
web shear fracture modes, which means that excellent or 
sufficient bond between strands as well as between web and 
flange were obtained due to satisfactory cure conditions for 



MDI 25 MDI50 PF50 




Resin type and application rate (g/m2) 


Fig. 3. Effects of resin type between web and flange on A the modulus 
of elasticity, B the modulus of rupture, and C the dimensional stability. 
Asterisk , significant difference at P < 0.05. Filled bars , PB; open bars , 
MDF 


both PF and MDI, 1315 because MDI cure at low tempera¬ 
ture saves energy for PF resin curing. 

Dimensional stability 

The results of statistical analysis (SAS) 12 of the percentage 
increase in width and thickness for PF bonded I-beams are 
listed in Table 2. At low application rate there was a ten¬ 
dency of improving the width swelling by increasing the 
strand dimension (thickness), while the inverse tendency 
was observed at high application rates, i.e., the improve¬ 
ment occurred with decreasing strand thickness. 

In each strand dimension, significant reduction in the 
width swelling with increasing resin application rate was 
observed, which is in total agreement with previous find- 
ings 14 18 that increasing the level of adhesive decreases the 
width and thickness swelling as well as water absorption of 
flake board, particleboard, and oriented strand board 
(OSB). Although the thickness swelling was also reduced 
by increasing the resin application rate, the swelling is ex¬ 
cellent compared to width swelling due to the presence of 
prefabricated web material. Figure 3 showed significant im¬ 
provement of width swelling by using MDI rather than PF 
resin. The width swelling was reduced from 23% to 10% 
and this is attributed to the good bond (as a result of well- 
cured PF resin) between strand at the flange part preventing 
them from swelling and the strong bond between web and 
flange which holds the flange firmly to the web. 

Properties of flange part 
Bending properties 

According to the data analysed by SAS 12 and listed in Table 
3, the difference in MOE was found to be insignificant 
between strand dimensions and/or the PF resin application 
rate between strands. Increasing the PF resin application 
rate between strands from 20 to 40g/m 2 showed significant 
increase in the MOR by 23% while using MDI resin be¬ 
tween web and flange showed further increases in the 
MOR. The reason behind this increase lies in the good bond 
obtained between strands as result of the optimum curing 
environment for PF resin created by MDI through its reac- 


Table 3. Effect of strand dimension, resin type, and application rate on the basic properties of the flange part 


Resin application rate 
between strands (g/m 2 ) 

Resin type and application rate 
between web and flange (g/m 2 ) b 

Strand type 

Density (g/cm 1 ) 

MOR (MPa) 

MOE (GPa) 

20 (4.3 %) a 

PF 50 

A 

0.68 ± 0.001 

54.8 ± 6.9 

16.09 ± 0.32 



B 

0.69 ± 0.002 

54.7 ± 5.1 

16.00 ± 0.29 



C 

0.69 ± 0.004 

53.9 ± 5.8 

16.04 ± 0.26 

40 (8.5%) 

PF 50 

A 

0.70 ± 0.003 

70.4 ± 4.2* 

16.01 ± 0.17 



B 

0.69 ± 0.007 

69.1 ± 6.6* 

16.04 ± 0.19 



C 

0.70 ± 0.004 

68.3 ± 8.1* 

16.04 ± 0.19 

40 (8.5%) 

MDI 25 

C 

0.68 ± 0.026 

93.3 ± 2.7** 

16.60 ± 1.40 


MDI 50 

C 

0.70 ± 0.031 

96.2 ± 7.7** 

16.70 ± 0.33 


a Resin content: see Table 1 
b Resin applied on the web faces 
*P< 0.05 
**P < 0.01 
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tion with some moisture 1920 and cure at low temperature 
saving energy to cure the PF resin at the flange part. 

Density profile 

Figure 4 shows the trend of the density profile for some 
representative samples, measured at the I-beam’s flange 
part. MDI bonded I-beam showed a near-flat density distri¬ 
bution; the maximum density observed at the flange surface 
and the minimum density observed near the web surface 
were about only 7% higher and lower than the mean den¬ 
sity. In contrast, when PF resin was used the density gradi¬ 
ent was steeper than that of the MDI bonded I-beam; this 
trend is much clearer when small dimension strands were 
used. 

The data listed in Table 4 shows that increased PF resin 
application rate between strands from 20 to 40g/m 2 did not 
show clear differences in the density distribution or profile; 
the percentage difference between the minimum density 
and the mean density was almost equal for both resin appli¬ 
cation rates (between strands) within each strand type. 



Fig. 4. Effect of strand dimension and resin type between web and 
flange on density profile. Dimensions are given as thickness X width 


However, no consistent trend was observed for the maxi¬ 
mum density. 

Effect of pressing time on I-beam basic properties 

The bond strength between web and flange, the MOR, and 
MOE of the I-beam produced using different pressing times 
are listed in Table 5. The results showed that I-beams with 
acceptable mechanical properties and dimensional stability 
could be produced with short pressing times (e.g., 12min). 

Bond quality 

Results showed that no significant differences were found 
between bond strengths between web and flange for differ¬ 
ent pressing times. This means the presence of good contact 
between web and flange plus sufficient cure state of the 
MDI results in excellent bond quality regardless of the 
pressing time. 

Bending properties 

Differences in MOE were found to be insignificant for dif¬ 
ferent pressing times; however, the MOR showed a slight 
but significant difference (P = 0.05) with a 12-min pressing 
time. This result indicates that a short pressing time might 
be safely used to produce such I-beams. All beams showed 
horizontal shear fracture in the web, which indicated good 
bonding between strands as well as between web and flange. 
The good bond between strands may be attributed to the 
satisfactory cure state of PF resin due to the optimum cur¬ 
ing environment created by the MDI, 19-21 because the MDI 
cures at lower temperature than does PF, thus saving tem¬ 
perature and energy for PF resin curing. 

Dimensional stability 

The results for the thickness and width swelling of the I- 
beam produced under different pressing times are listed in 
Table 5. The results show that the width swelling of the 
beams produced with a shorter pressing time (12min) was 


Table 4. Differences of the maximum and minimum density from the mean density of I-beam flange part in percentage terms as calculated from 
the density profile data 


Symbol 8 

Density (g/cm 3 ) 

Mean 

Maximum 

Minimum 

Outer density 13 (%) 

Inner density 8 (%) 

A-40 

0.64 

0.71 (1.76) d 

0.49 (13.96) d 

11 

23 

A-20 

0.69 

0.91 (1.16) 

0.52 (13.98) 

31 

24 

B-40 

0.70 

0.92 (1.14) 

0.51 (14.00) 

31 

28 

B-20 

0.69 

0.92 (1.18) 

0.51 (14.00) 

33 

26 

C-40 

0.70 

0.91 (1.12) 

0.63 (13.98) 

30 

10 

C-20 

0.69 

0.78 (1.16) 

0.61 (14.02) 

13 

12 


“A, B, and C refer to strand types with the dimension described in Table 1. The number refers to the resin application rate between strands (see 
Table 1) 

b Defined as | (mean density — maximum density)/mean density | X 100 
‘Defined as (mean density — minimum density)/mean density X 100 

d Positions (in mm) from flange surface where maximum or minimum density were observed 
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Table 5. Effect of pressing time on the mechanical properties and dimensional stability of the I-beam 


Pressing time 
(min) 

Density 

(g/cm 3 ) 

Bond strength between 
web and flange (MPa) 

Parellel Perpendicular 

MOR (MPa) 

MOE (GPa) 

Width swelling 
(%) 

Thickness swelling 
(%) 

12 

0.69 ± 0.03 

4.51 ± 0.33 

3.00 ± 0.24 

40.9 ± 1.04* 

16.7 ± 1.07 

12.5 ± 1.70 

0.57 ± 0.29 

14 

0.69 ± 0.03 

4.59 ± 0.30 

3.20 ± 0.39 

41.1 ± 0.89 

17.1 ± 1.57 

11.2 ± 0.79 

0.35 ± 0.22 

16 

0.69 ± 0.04 

4.91 ± 0.75 

3.32 ± 0.31 

41.6 ± 0.83 

17.3 ± 0.62 

10.2 ± 0.80 

0.24 ± 0.22 

18 

0.69 ± 0.02 

4.93 ± 0.54 

3.41 ± 0.54 

42.8 ± 0.78 

17.3 ± 0.29 

9.6 ± 1.20 

0.21 ± 0.15 

20 

0.69 ± 0.02 

4.94 ± 0.42 

3.34 ± 1.10 

42.8 ± 0.50 

17.3 ± 0.51 

9.1 ± 0.80 

0.21 ± 0.11 


* P < 0.05 


Table 6. Basic properties of I-beams produced with different moisture content in wood-resin system 


Moisture 
content (%) 

Density 

(g/cm 3 ) 

MOR 

(MPa) 

MOE (GPa) 

Bond strength (MPa) 

Width 

swelling (%) 

Thickness 
swelling (%) 

Water 

absorption (%) 

Parellel 

Perpendicular 

8 

0.64 ± 0.02 

36.7 ± 1.1* 

16.1 ± 0.7 

4.71 ± 0.46 

2.92 ± 0.4 

21.7 ± 2.7 

1.89 ± 0.6* 

57.6 ± 4.1 

10 

0.63 ± 0.02 

40.5 ± 2.6 

17.04 ± 0.4 

4.72 ± 0.52 

3.06 ± 0.33 

19.1 ± 4.4 

1.04 ± 0.6 

55.9 ± 2.8 

12 

0.69 ± 0.03 

40.9 ± 1.04 

16.6 ± 1.1 

4.52 ± 0.31 

3.00 ± 0.22 

12.5 ± 1.7* 

0.57 ± 0.3 

50.4 ± 1.7 


* P < 0.05 within the same column 


inferior to that of beams produced at longer pressing times. 
However, in general, the width swelling of beams from 
short pressing times was comparable to that of beams pro¬ 
duced with a 20-min pressing time in both this study and the 
previous study. 2 In general these results indicate that the 
possibility of shortening the pressing time to 12 min for the 
production of such I-beams with conventional hot pressing 
is promising. The thickness swelling of all conditions was 
found to be excellent due to the presence of the prefabri¬ 
cated web material, which also points toward a promising 
future for shortening the pressing time. 

Effect of moisture content on I-beam basic properties 

Table 6 shows the effects of the moisture content on the 
basic properties of the I-beam. Generally, the results re¬ 
vealed that low wood-resin system moisture content (8%) 
negatively affects most of the properties investigated. 

Bond quality 

The differences in bond strength between web and flange 
were found to be insignificant for different moisture levels 
because the MDI resin cures at low temperature resulting in 
satisfactory bonding between web and flange. 

Bending properties 

Changes in the MOE were found to be insignificant be¬ 
tween MC levels; however, MOR showed a significantly 
lower value at 8% MC than at 10% and 12%. It seems that 
low wood-resin system MC interferes with the curing of the 
PF resin at the flange part due to insufficient heat transfer. 
This can be proved by the fracture mode observed during 


testing of the beam in which 80% delamination between 
strands occurred due to the weak bond of the PF resin. 

Dimensional stability 

Results showed that low MC negatively affected the dimen¬ 
sional stability. This adverse effect might be attributed to 
the insufficient bond between strands as a result of insuffi¬ 
cient curing of PF resin. This results in many gaps between 
strands that allow water to enter, resulting in great width 
swelling as well as water absorption. 

The results showed that 12% wood-resin system mois¬ 
ture content is the optimum level among the three tested, 
for production of such I-beams using conventional hot 
pressing. 


Conclusions 

To obtain I-beams with balanced mechanical properties 
and dimensional stability the following conditions were 
concluded to be optimal: 

1. PF resin between strands at an application rate of 40g/m 2 
(8.5%) 

2. MDI resin between web and flange at an application rate 
of 25g/m 2 

3. Moisture content of 12% in the wood-resin system for 
conventional hot pressing 

Short pressing times (12 min) were found to produce 
I-beams by conventional hot pressing with acceptable 
mechanical properties. For shorter pressing times, the di¬ 
mensional stability was found to be inferior to beams pre¬ 
pared with longer pressing times. 
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